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A B S T R A C T 
 
Collecting the complete data set of previous experiments on periclase, covering a pressure 
and temperature range of 0-141.8 GPa and 100-3031 K respectively, the first comprehensive P-
V-T description of MgO is presented comprising all previous experiments.  The P-V-T EoS of 
Birch-Murnaghan, Rydberg-Vinet and Garai are determined by unrestricted fitting.  The three 
EoSs are consistent and a unique set of parameters is able to cover the entire pressure and 
temperature range.  The RMS misfits for the pressure are 0.371 GPa, 0.381 GPa and 0.396 GPa 
for the Garai, Birch-Murnaghan and Rydberg-Vinet EoSs.  The RMS misfits for the volume and 
the temperature are 0.018 cm3 and 60.3 K for the EoS of Garai. 
 
Keywords: P-V-T Equation of state; Periclase; MgO; Physical thermodynamics; High-
pressure behavior. 
 
1.   Introduction 
 
MgO has low chemical reactivity and it is stable in large pressure and temperature range 
which makes it an ideal pressure calibrant.  Periclase is the end member of the (Mg,Fe)O solid 
solution series.  Mg-rich ferropericlase is the second most abundant component of the Earth’s 
lower mantle [1, 2] and has significant interest in geophysics.  Precise description of the 
pressure, volume and temperature () relationship of MgO is therefore essential. 
The  description of solids can be given in various ways like implying pressure increase first, 
followed by heating at constant volume or at constant pressure, etc.   The most common 
approach is to raise the temperature first and determine the parameters of the isothermal EoS for 
the given temperature and then by using the isothermal EoSs the effect of pressure is calculated 
[e.g. 3]. 
The most widely used isothermal EoSs are the Birch-Murnaghan (B-M) and the Rydberg-
Vinet (R-V) EoSs.  The third-order (B-M) EoS [4-6] is given as: 
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where T0K , 
'
0K and T0V are the isothermal bulk modulus, the pressure derivative of the bulk 
modulus and the volume respectively at zero pressure and at the temperature of interest. 
The R-V EoS derived from a general inter-atomic potential [7].  This EoS was rediscovered 
by Rose et al., [8] and Vinet [9].  The EoS is given as: 
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The EoS is attributed to Vinet in most of the geophysical literature [10].  In order to give credit 
to Rydberg the EoS is called Rydberg-Vinet EoS here. 
The parameters are usually available at ambient condition.  Assuming linear temperature 
dependence, the values of T0K  and T0V  can be calculated for higher temperatures as: 
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and 
( ) ( ) ( )  −α+−α= 20T2T10TT00T0T0 eTVTV . (5) 
Substituting Eqs. (4) and (5) into the isothermal EoSs [Eqs. (1)-(3)] results in  description.  The 
parameters of the EoS are inter-related and the use of confidence ellipses is suggested to 
determine the optimum values [e.g. 11]. 
 
2.   Equation of States used in this investigations 
 
In order to provide a comprehensive  description of solids the effect of temperature has to be 
incorporated into the original isothermal EoSs.  To make the calculations simple the ambient 
reference frame is replaced with an absolute reference frame.  The word initial refers to 
thermodynamic parameter or quantity which is given at zero pressure and temperature.  The 
initial volume [ ]oV  is defined then as: 
m
oo nVV ≡  (6) 
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where n is the number of moles and moV  is the initial molar volume at zero pressure and 
temperature.  The initial bulk modulus is defined as: 
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The linear temperature dependence of the volume coefficient of thermal expansion [Eq. (5)] is 
not valid at temperatures lower than the Debye temperature [12] and oα  has zero value at zero 
temperature.  However, the error introduced by the linear approximation is insignificant at 
temperatures higher than room temperature [13].  The volume at zero pressure is calculated then 
as: 
T)T1o(
oT0 enVV
α+α= , (8) 
where oα  is the extrapolated value of the volume coefficient of thermal expansion at zero 
pressure and temperature. 
Assuming constant value for the product of the isothermal bulk modulus and the volume 
coefficient of thermal expansion the temperature dependence of the bulk modulus at 1 bar 
pressure is derived from classical thermodynamic relationships [14].  The bulk modulus is given 
as: 
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where δ is the Anderson- Grüneisen parameter, which defined as: 
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The pressure effect on the bulk modulus is calculated as: 
( ) ( ) TT1o'ooT,p epKKK δα+α−+= . (11) 
Incorporating Eqs. (6)-(9) into the original isothermal EoSs [Eqs. (1)-(3)] results in P(V,T) 
EoSs.  The P(V,T) form of Birch-Murnaghan EoS can be written as: 
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and the P(V,T) form of the Rydberg-Vinet EoS is: 
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Recently an eight parameters semi empirical EoS has been proposed and tested against the 
experiments of MgSiO3 perovskite [13] with positive result.  The EoS is given as: 
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where, 1PK  is a linear, 2PK  is a quadratic term for the pressure dependence of the bulk modulus, 
1Pα  is a linear and 2Pα  is a quadratic term for the pressure dependence of the volume coefficient 
of thermal expansion, 1Tα  is a linear term for the temperature dependence of the volume 
coefficient of thermal expansion and a is constant characteristic of the substance.  The theoretical 
explanations for (14) and the physics of the parameters are discussed in detail [13].  The equation 
has an analytical solution for the temperature 
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The pressure can be determined by repeated substitutions as: 
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The convergence of Equation (17) depends on pressure.  For the maximum pressure used in this 
study (up to 140 GPa) n = 15 is sufficient.  The maximum convergence error [ ]ε  for the 
investigated data set is 0.05 GPa where 
( ) ( )PfPf 1415 −≥ε . (18) 
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In this study, collecting the complete data set of previous experiments the parameters of the 
modified  EoSs of (B-M) [Eq.(12)] and (R-V) [Eq.(13)] and the EoS (G) [Eq. (14)] are 
determined for periclase. 
 
3.   Data Analyzes 
 
The fitting accuracy of the EoSs is evaluated by RMS misfits and Akaike Information 
Criteria (AIC) [15, 16].  The Akaike Information Criteria is devised assessing the right level of 
complexity.  Assuming normally distributed errors criterion is calculated as: 


+=
N
RSSlnNk2AIC , (19) 
where RSS is the residual sum of squares, k is the number of parameters and N is the number 
of observations or data.  AIC penalizes both for increasing the number of parameters and for 
reducing the size of data.  The preferred model is the one which has the smallest AIC value. 
MgO has been subject to numerous experimental investigations [e.g. 17-33] and 
computational and theoretical studies [e.g., 34-42].  Previous studies [25, 30] demonstrated that 
the deviatoric stress has a significant effect on the lattice parameters; therefore, in this study we 
consider only experiments conducted under hydrostatic or semi-hydrostatic conditions [23, 25, 
27, 28, 30, 32, 33, 40].  If two pressure scales are used to determine the pressure then the average 
of the two reported pressure is used.  Thermal expansion [22, 26, 43], Brillouin scattering [44] 
rectangular parallelepiped resonance method [45-46] measurements at atmospheric pressure are 
also included in the data set. 
     
4.   Results 
 
Parameters providing the best fit against the data are determined by unrestricted fitting for 
the three EoSs [Eqs. (12)-(14)].  Experiments with possible systematic errors (17) were dropped 
from the data set.  The dropping in each cases were justified by AIC.   The 406 experiments used 
in this study span the pressure and temperature range of 0-141.85 GPa and 100-3031 K 
respectively (Fig. 1). 
The determined one set of parameters for each of the EoS is sufficient to cover the entire 
pressure and temperature range of the experiments.  The parameters are reported in Table. 1. 
The RMS misfits for the complete data set (N=406) are 0.371 GPa (G), 0.381 GPa (B-M), 
0.396 GPa (R-V), and the AIC values are -804.5,  -770.7 and -741.1 and respectively.  The RMS 
misfit of the volume and temperature is 0.018 cm3 and 60.3 K respectively for EoS (G).  The 
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residuals of the three EoSs are plotted on Fig. 2 and 3.  The three EoS reproduces the data 
practically by the same uncertainty.  The RMS misfits of the individual investigations are also 
calculated by using the parameters determined for the entire data set.  The values are given in 
Table 3. 
The parameters of the EoS allows calculating the volume coefficient of thermal expansion 
and the bulk modulus for a given pressure and temperature.  The volume coefficient of thermal 
expansion from the EoS of B-M and R-V can be calculated as: 
T1o α+α=α  (20) 
and from the EoS G as: 
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The bulk modulus can be calculated by using Eq. (9) for the EoSs of B-M and R-V.  Using 
the definition of the bulk modulus 
T
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and calculating the volumes using Eq. (14) the bulk modulus can be determined from the EoS G 
as: 
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Equations (20)-(23) calculates the volume coefficient of thermal expansion and the bulk 
modulus for the entire temperature and pressure range.  The temperature and pressure derivatives 
of the volume coefficient of thermal expansion and the bulk modulus are not zero for MgO.  
Thus equations (20)-(23) can not be used to calculate the parameters representing a specific 
pressure and temperature.  The “instantaneous” value can be calculated by using the definitions 
of the volume coefficient of thermal expansion and the bulk modulus and substituting the 
volumes calculated by Eq. (14).  The volume coefficient of thermal expansion of a specific 
pressure and temperature is given as: 
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and the “instantaneous” bulk modulus as: 
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The calculated volume coefficient of thermal expansion values are fit well to experiments at 
ambient condition (Fig. 4).  The fitting of the bulk modulus is not perfect (Fig. 5). 
If the bulk modulus value is fixed to GPa6.161K 298T0 == (determined from high precision 
sound velocity measurements [46] and the fitting is repeated then the RMS misfit increases from 
0.381 GPa (B-M) and 0.396 GPa (R-V) to 0.469 GPa (B-M) and 0.466 GPa (R-V).  Fitting to 
higher temperature experimental values requires additional constrains on the volume coefficient 
of thermal expansion and the Anderson- Grüneisen parameter (Tab. 1).  The RMS misfit then 
increases from 0.381 GPa (B-M) and 0.396 GPa (R-V) to 0.921 GPa (B-M) and 1.005 GPa (R-
V).  This high increase of misfit is also accompanied with a systematic error against high 
pressure experiments.  Eventhough, the bulk modulus values do not fit well to experiments the 
EoS reproduce the experimental volumes with high accuracy at ambient conditions (Fig. 6). 
The thermodynamic parameters of the EoSs are also tested against heat capacity 
measurements.  The constant pressure molar heat capacity is calculated as: 
n
VTBcc
2
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s
p
α+= . (26) 
The Debye heat capacity is calculated by using the Debye function [47]. 
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where h is the Planck's constant, ω  is the frequency, and Dω  is the Debye frequency.  Equation 
(27) has to be evaluated numerically [48].  In Eq. (26) the volume coefficient of thermal 
expansion calculated by Eq. (21) and the bulk modulus by Eq. (23) and (14).  The calculated 
values agree well with the experimental data of 1 bar pressure [49, 50] (Fig. 7).  The good fit to 
heat capacity experiments is an additional indication that the determined thermodynamic 
parameters of the EoSs are correct. 
Using the set of parameters determined by unrestricted fitting the pressure corresponding to 
300 K and 3000 K was calculated for all the three EoS.  The differences between the calculated 
pressures are plotted on Fig. 8.  The three EoSs are within 2.8 GPa and 3.5 GPa error margin in 
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the entire pressure range at 300 K and 3000 K respectively.  Up to 120 GPa the three EoSs are 
almost identical above this pressure small deviation occurs. 
 
5.   Conclusions 
 
The entire data set of MgO has been collected.  The 406 data are fitted against the modified 
.)constK( T =α   Birch-Murnaghan, Rydberg-Vinet and Garai EoSs.  All EoSs are able to 
reproduce the data with accuracy close the uncertainty of the experiments with one set of 
parameters for the entire pressure (0-141.8 GPa) and temperature (100-3031 K) range of the 
experiments.  The uncertainties of the three EoSs are practically the same.  The advantage of the 
EoS of Garai is that the volume and the temperature can be calculated directly. 
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Fig. 1.  The pressure temperature distribution of the experimental data. 
 
Fig. 2.  Residuals of the three EoSs are plotted against the pressure. 
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Fig. 3.  Residuals of the three EoSs are plotted against the temperature. 
 
Fig. 4.  Volume coefficient of thermal expansion values are plotted against the temperature.  The 
difference between the experimental values and the values calculated from the EoS are explained 
in the text.  The “instantaneous” volume coefficient of thermal expansion values calculated by 
Eq. (24) fit well to the experiments. 
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Fig. 5.  Calculated isothermal bulk modulus values are plotted against experimental data.  The 
thermodynamic parameters for the EoSs are given in Table 1. 
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Fig. 6. Experiments are plotted against the EoS of G at ambient condition.  (a) pressure-volume 
(b) temperature-volume 
 
Fig. 7. Calculated constant pressure molar heat capacity is plotted against experiments at 1 bar 
pressure. 
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Fig. 8.  Comparison of the three EoSs.  The pressure differences are plotted at 300 and 3000 K 
temperatures. (a) 300 K, and (b) 3000 K. 
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Table 1.    Parameters describing the p-V-T relationship of periclase (MgO). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 *fixed [K0, T= 298 K = 161.6 GPa, and 15K298T,0 K1020.3 −−= ×=α ] 
B-M = Birch-Murnaghan EoS; R-V = Rydberg-Vinet EoS; G = Garai EoS 
 
EoS Vo [cm3] 
Ko 
[GPa] 
'
oK  [ ]15o K10 −−×
α
 
[ ]291 K10 −−×
α
 
         δ  
11.137 163.59 4.145 3.197 5.784 3.690 
11.109 168.35*1 4.072 3.529 4.684 3.758 B-M (p-V-T) [Eq. 12] 
11.125 168.83*2 4.292 2.950*2 8.354 4.60*2 
11.145 159.42 4.499 3.169 5.767 3.667 
11.140 168.66*1 4.330 3.691 4.025 3.769 R-V (p-V-T) [Eq. 13] 
11.118 168.91*3 4.569 2.960*3 8.226 4.65*3 
EoS 
 
Vo 
[cm3] 
Ko 
[GPa] P1
K  
P2K[ ]13 GPa10 −−×
 
oα  [ ]15 K10 −−×  
P1α[ ]117 KGPa10 −−−×
 
P2α  [ ]129 KGPa10 −−−×
T1α[ ]29 K10 −−×
 
a 
G [Eq.14] 11.127 165.98 1.843 -3.233 3.227 -3.511 1.7 6.043 6.28 
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Table 2.    Fitting parameters for the EoSs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Fixed parameters 
1[K0,T=298 K = 161.6 GPa] 
2[K0,T=298 K = 161.6 GPa, 15K298T,0 K1020.3 −−= ×=α  and 60.4=δ ] 
3[K0,T=298 K = 161.6 GPa, 15K298T,0 K1020.3 −−= ×=α  and 65.4=δ ] 
 
Volume Pressure Temperature Pressure 
Range 
[GPa] 
Temperature 
Range [K] 
Number of 
Experiment EoS 
RMS 
Misfit 
[cm3] 
AIC 
RMS 
Misfit 
[GPa] 
AIC 
RMS 
Misfit
[K] 
AIC 
- - 0.381 -770.7 - - 
- - 0.469*1 -604.3*1 - - B-M 
- - 0.921*2 -60.9*2 - - 
- - 0.396 -741.1 - - 
- - 0.466*1 -609.4*1 - - R-V 
- - 1.005*3 9.7*3 - - 
0-141.8 80-3031 406 
G 0.018 -3239.9 0.371 -804.5 60.3 3328.6
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Table 3.    Fitting parameters for the individual investigations. 
Volume Pressure Temperature 
Experiment 
Pressure 
Range 
[GPa] 
Temperature 
Range [K] 
Number of 
Experiment EoS 
RMS 
Misfit 
[cm3] 
AIC 
RMS 
Misfit 
[GPa] 
AIC 
RMS 
Misfit
[K] 
AIC 
B-M - - 0.260 -56.6 - - 
R-V - - 0.271 -54.9 - - Fiquet et al. 1996 10-4 298-2385 21 
G 0.0189 -166.7 0.221 -63.4 33.6 147.6 
B-M - - 0.197 -87.7 - - 
R-V - - 0.209 -84.7 - - Dubrovinsky & Saxena, 1997 10
-4 298-3031 27 
G 0.0140 -230.3 0.153 -101.4 23.0 169.3 
B-M - - 0.280 -155.2 - - 
R-V - - 0.248 -170.0 - - Utsumi et al. 1998 0-9.52 300-1273 61 
G 0.0203 -475.6 0.324 -137.6 51.0 479.7 
B-M - - 0.467 -53.4 - - 
R-V - - 0.521 -45.6 - - Fei, 1999 0-24.8 300, 1100 35 
G 0.0203 -272.8 0.404 -63.5 63.8 290.9 
B-M - - 0.220 -108.2 - - 
R-V - - 0.227 -106.6 - - Fiquet et al. 1999 10-4 298-2973 36 
G 0.0217 -275.7 0.221 -108.7 33.5 252.9 
B-M - - 0.728 -34.2 - - 
R-V - - 0.751 -30.9 - - Dewaele et al., 2000 0-53.0 300-2474 54 G 0.0262 -393.4 0.633 -49.4 103.9 501.5 
B-M - - 0.192 -99.1 - - 
R-V - - 0.161 -109.5 - - Zhang, 2000 0-8.2 300-1073 30 
G 0.0145 -254.1 0.231 -88.0 37.0 216.6 
B-M - - 0.330 -71.0 - - 
R-V - - 0.357 -65.9 - - Speziale et al., 2001 0-52.2 298 32 G 0.0135 -275.4 0.359 -65.5 56.6 258.4 
B-M - - 0.235 -75.3 - - 
R-V - - 0.300 -62.5 - - Fei et al., 2004 8.6-25.6 1273-2173 26 
G 0.0161 -214.8 0.316 -60.0 51.3 204.8 
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B-M - - 0.401 -38.3 - - 
R-V - - 0.433 -35.1 - - Hirose et al., 2007 10.7-141.8 300-2330 21 
G 0.0070 -208.5 0.413 -37.1 70.2 178.6 
B-M   0.409 -35.8   
R-V   0.370 -39.8   Zha et al., 2008 8.5-11.27 300-1900 20 
G 0.0121 -176.5 0.480 -29.4 82.8 176.7 
B-M   0.047 -91.6   
R-V   0.099 -69.4   Sinogeikin et al., 2000 10
-4 295-1510 15 
G 0.0041 -165.0 0.053 -88.0 8.5 64.2 
B-M   0.073 -83.9   
R-V   0.122 -67.4   Isaak et al., 1989 10-4 300-1800 16 
G 0.0028 -188.5 0.030 -111.8 4.6 48.7 
B-M   0.273 -31.2   
R-V   0.284 -30.2   Sumino et al., 1983 10
-4 80-1300 12 
G 0.0101 -110.2 0.143 -46.6 24.7 77.0 
B-M = Birch-Murnaghan EoS; V = Vinet EoS; G = Garai, 2007 
